Abstract. APS, a tyrosine kinase adaptor protein with pleckstrin homology and Src homology 2 domains, is rapidly and strongly tyrosine-phosphorylated by insulin receptor kinase upon insulin stimulation. We have previously shown that APS knockout mice have increased insulin sensitivity, and that this enhancement is possibly due to increased insulin-response on adipose tissues. However, the function of APS in insulin signaling has so far been controversial. Here, we report that APS enhanced ligand-dependent multi-ubiquitination of the insulin receptor (IR) in CHO cells overexpressing the IR. APS-mediated ubiquitination of the IR induced enhancement of the IR internalization, but did not affect the IR degradation. This finding shows one of the pleiotropic functions of APS in insulin signaling.
PROTEIN ubiquitination is a well-described cellular process targeting proteins for 26S proteasome-mediated degradation. Targeted proteins are directed to the degradative pathway by covalent ligation of ubiquitin, a 76-amino-acid protein to ε amino groups on lysine residues within the substrate protein, which is mediated by a ubiquitin-activating enzyme (E1), a ubiquitinconjugating enzyme (E2), and a ubiquitin protein ligase (E3) [1, 2] .
c-Cbl proteins contain numerous tyrosine residues, which could serve as docking sites for multiple Src homology domain 2 (SH2)-containing signaling molecules upon phosphorylation. Cbl proteins function as E3 ubiquitin protein ligases, which mediate the ubiquitination of activated tyrosine kinases and target them for degradation [3, 4] . Regulation of protein tyrosine kinase activity is implicated in the control of almost all cellular functions, whereas its deregulation is often associated with human diseases such as cancer [5, 6] . Binding of growth factors to receptor tyrosine kinases (RTKs) promotes receptor dimerization and sequent activation [7] , which enhances autophosphorylation of RTKs, phosphorylation of numerous cellular proteins, and recruitment of adaptor molecules, which initiate signaling cascades [5] . It was reported that Cbl mediated ligand-induced downregulation of epidermal growth factor (EGF), platelet derived growth factor (PDGF), growth hormone (GH), colony stimulating factor-1 (CSF-1) or hepatocyte growth factor (HGF) receptors by their ubiquitination [8] [9] [10] [11] [12] . Extensive work has been done on the functions and regulations of ligand-induced EGF receptor ubiquitination, but very few studies have been reported concerning the insulin receptor (IR).
An adaptor protein containing a pleckstrin homology (PH) and SH2 domain (APS) was first described to interact with an oncogenic mutant of the tyrosine kinase receptor, c-Kit [13] , and APS was isolated by the twohybrid system using the cytoplasmic domain of the hu-man IR as bait [14, 15] . APS forms an adaptor protein family together with Lnk [16, 17] and SH2-B (SH2-Bα, SH2-Bβ, SH2-Bγ and SH2-Bδ) [18, 19] , whose members share a homologous N-terminal region with a dimerization domain, proline-rich stretches, PH and SH2 domains, and a conserved C-terminal tyrosine phosphorylation site [20] . APS is highly expressed in insulin-responsive tissues, especially in adipose tissue [13, 14] . APS, as well as SH2-Bα, associates with phosphotyrosines situated within the activation loop of the IR via the SH2 domain [14, 21, 22] and undergoes insulin-stimulated tyrosine phosphorylation [23] . Tyrosine 618 at the C-terminus of APS is the essential site which is phosphorylated by activated IR kinase [14] . Recruitment of the adaptor protein APS to the IR facilitates phosphorylation of c-Cbl by the receptor [24, 25] .
Although the functions of APS in insulin signaling are controversial, several functions of APS have been suggested [14, 21, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . There are reports implicating APS and c-Cbl in insulin-stimulated glucose transport, including GLUT4 translocation [24, 27] , but ours and other studies have not supported this conclusion [28, 29] . Ahmed et al. have reported that APS facilitates coupling of the IR to c-Cbl in order to catalyse the ligand-stimulated mono-ubiquitination of IRs [21] . However, the role of the ubiquitination in IR function remaines to be elucidated.
In this study, we report that insulin enhanced the multi-ubiquitination of the IR β-subunit by depending on APS and Cbl. We also found that the ubiquitination of the IR facilitated internalization of the receptor.
Materials and Methods
Human wild-type IR cDNAs have already been described previously [37] . Mouse wild-type APS cDNAs were kindly provided by Dr. S. A. Moodie (Metabolex, Inc., Hayward, CA). Wild-type c-Cbl cDNAs were kindly provided by Dr. J. E. M. van Leeuwen (University of Nijmegen, The Netherlands). HA-tagged ubiquitin was constructed as described previously [38] . His-tagged ubiquitin subcloned into the pMT107 vector was kindly provided by Dr. D. Bohmann (University of Rochester, Rochester, NY). MG132, an inhibitor of proteasome, was purchased from Peptide Institute (Osaka, Japan) or Merck (Darmstadt, Germany). BD Talon His-tag purification resin was purchased from BD Biosciences (Palo Alto, CA). Ni-NTA agarose was purchased from QIAGEN (Hilden, Germany). Biotin-X-NHS was obtained from Calbiochem (San Diego, CA). [ 125 I] insulin (receptor grade) was purchased from NEN Life Science Products, Inc (Boston, MA). Monoclonal anti-phosphotyrosine antibody 4G10 and polyclonal anti-Erk1/2 antibody were purchased from Upstate Biotechnology (Lake Placid, NY). Polyclonal antibodies against IR β-subunit (C-19) (sc-711), Cbl (C-15) (sc-170), 14-3-3β (sc-629) and mouse monoclonal anti-ubiquitin (P4D1) (sc-8017) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal antibodies against phosphospecific Akt (Ser473) and phosphospecific Erk 1/2 kinase (Thr202/ Tyr204) were obtained from Cell Signaling (Beverly, MA). Mouse monoclonal anti-polyubiquitin (FK2) antibodies were obtained from MBL (Nagoya, Japan). Polyclonal anti-APS antibodies were obtained as described previously [14] . The anti-hemagglutinin (HA) antibody was from an immunized rabbit, as described previously [39] . Secondary horseradish peroxidaseconjugated goat anti-mouse IgG and anti-rabbit IgG, and horseradish peroxidase-conjugated streptavidin were obtained from MBL (Nagoya, Japan) or BioSource (Camarillo, CA). All other reagents used were of analytical grade and were purchased from Wako (Osaka, Japan) or Nacalai Tesque (Kyoto, Japan).
Cell culture and transfection
CHO-IR cells were Chinese hamster ovary (CHO) cells stably expressing IRs. CHO-IR-APS cells were CHO-IR cells stably expressing myc-tagged wild-type APS. CHO cells were grown at 37°C in 5% CO 2 in F12 medium supplemented with 100 units/ml penicillin, 100 µg/ml streptomycin, and 10% fetal calf serum. Cos7-IR cells were Cos7 cells stably expressing IRs. Cos7 cells were grown at 37°C in 5% CO 2 in Dulbecco's modified Eagle's medium supplemented with 100 units/ml penicillin, 100 µg/ml streptomycin, and 10% heat-inactivated fetal bovine serum. Cells cultured in a 150 mm culture dish were used for transfection. Fully confluent cells were transiently transfected by electroporation (0.25 kV and 960 µF, Gene Pulser II, Bio-Rad, Hercules, CA) with 50-200 µg of plasmid DNA/cuvette, as described [40] . Following electroporation, the cells were allowed to adhere to dishes or plates for 36-48 h, treated with the indicated reagent for the indicated period and stimulated with 10 -7 M insulin at 37°C for the indicated period.
Immunoprecipitation and immunoblotting
Cells were treated with insulin at 37°C for the indicated period, after incubation with 50 µM MG132 for the indicated period, since it was needed. The cells were rinsed twice with ice-cold phosphate-buffered saline (PBS), solubilized in lysis buffer containing 20 mM Tris-HCl (pH 8.0), 20 mM Na 4 P 2 O 7 , 1 mM dithiothreitol, 1% Nonidet P-40, 1 mM MgCl 2 , 1 mM CaCl 2 , 10% glycerol, 0.5 mM Na 3 VO 4 and 20 µM p-A-phenylmethanesulfonyl fluoride, and centrifuged at 14,000 × g for 10 min at 4°C. Proteins in cell lysates were quantified using a Bio-Rad Protein Assay, and were incubated with the indicated antibody for 2 h at 4°C. The immune complexes were collected on Protein A-Sepharose CL-4B (Amersham Bioscience, Uppsala, Sweden) during a 1-h incubation at 4°C. The beads were washed three times with washing buffer (20 mM Tris, pH 8.0, 1% Nonidet P-40, 140 mM NaCl, 1 mM dithiothreitol) and boiled for 5 min in SDS-PAGE sample buffer (50 mM Tris-HCl, pH 6.8, 2% sodium dodecyl sulfate, 2% mercaptoethanol, 10% glycerol). The solubilized proteins were separated by SDS-PAGE, transferred to a nitrocellulose membrane (Schleicher & Schnell Bioscience, Dassel, Germany), and detected by immunoblotting with the indicated antibodies using enhanced chemiluminescence. Some membranes were subsequently incubated at 50°C for 30 min in stripping buffer (100 mM mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl, pH 6.7) to prepare them for a second round of immunoblotting.
Purification of insulin-receptor-Ub conjugates
CHO cells were transfected with the expression vector plasmids of His-tagged ubiquitin, c-Cbl and APS by electroporation as described above. Following transfection, the cells were incubated for 36-48 h at 37°C in a 5% CO 2 incubator. After being treated with 10 -7 M insulin at 37°C for the indicated period, the cells were rinsed twice with ice-cold PBS, solubilized in lysis buffer containing 20 mM Tris-HCl (pH 8.0), 20 mM imidazole, 20 mM Na 4 P 2 O 7 , 1 mM dithiothreitol, 1% Nonidet P-40, 1 mM MgCl 2 , 1 mM CaCl 2 , 10% glycerol, 0.5 mM Na 3 VO 4 and 20 µM p-A-phenylmethanesulfonyl fluoride, and centrifuged at 14,000 × g for 10 min at 4°C. Proteins in cell lysates were quantified using Bio-Rad Protein Assay, and incubated with Ni-NTA agarose beads (QIAGEN) or BD Talon His-tag purification resin (BD Biosciences) for 2 h at 4°C. The beads were washed three times with washing buffer (8 M urea, 10 mM Tris-HCl, 100 mM NaH 2 PO 4 , 20 mM imidazole, pH 6.3) and boiled for 5 min in SDS-PAGE sample buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 2% mercaptoethanol, 10% glycerol). The solubilized proteins were separated by SDS-PAGE, transferred to nitrocellulose membrane, and detected by immunoblotting with the indicated antibody. Some membranes were subsequently incubated in stripping buffer to prepare them for a second round of immunoblotting as described above.
Insulin receptor degradation
IR downregulation was determined, as described previously [41, 42] . Serum-starved CHO cells were washed with ice-cold PBS and incubated with 0.5 mg/ ml Biotin-X-NHS (Calbiochem) dissolved in borate buffer (10 mM boric acid, 150 mM NaCl, pH 8.0) for 45 min at 4°C. Biotin coupling was terminated by washing the plates with ice-cold PBS containing 15 mM glycine. Cells were treated with insulin as indicated without the pretreatment of MG132, after washing with PBS at room temperature. Following above treatment, proteins were lysed and immunoprecipitated using anti-IR β-subunit antibody. Protein biotinylation was detected by horseradish peroxidase-conjugated streptavidin (Biosource).
Measurement of [ 125 I] insulin internalization
[ 125 I] Insulin internalization was measured, as described previously [43, 44] . Briefly, confluent cells were transiently transfected by electroporation as described above. Following electroporation, the cells were allowed to adhere to 6-well plates for 36-48 h, then washed twice with PBS and incubated in HEPES buffer, pH 7.5, containing 100 pg [ 125 I] insulin (81.4 TBq/mmol) in the presence of unlabeled insulin (100 ng/ml) overnight at 4°C. Internalization was initiated by adding warm HEPES buffer, pH 7.5 at 37°C after the cells had been washed with cold PBS three times. At various times, the medium was removed and the cells were put on ice, washed twice with acidic washing buffer (0.2 M acetic acid, 0.5 M NaCl, pH 2.8) for 10 min, and then three times with cold PBS. The acid-extractable radioactivity represents surfacebound insulin. The acid-stripped cells were lysed with PBS containing 1% Triton X-100 and 0.1% SDS. The non-acid-extractable radioactivity represents internalized insulin. The rate of internalization of insulin was expressed as a percentage of internalized [ 125 I] insulin relative to the sum of surface-bound [ 125 I] insulin and internalized [ 125 I] insulin. Non-specific binding activity was determined in the presence of 10 -6 M (=5807 ng/ml) unlabeled insulin, and was found to be <1% of the binding.
Statistical analysis
Data are expressed as means ± SE. Data were analyzed by analysis of variance with Bonferroni multiplecomparison tests for determination of the significance of differences. A value of P<0.05 was considered to be statistically significant. 
Results
Recruitment of APS to the IR results in phosphorylation of a carboxy-terminal tyrosine residue in APS, which then serves as a binding site for c-Cbl [24] . Ahmed et al. showed that APS/c-Cbl-mediated monoubiquitination of the IR β-subunit was detected in response to insulin as a single band by immunoblotting with anti-ubiquitin antibody after immunoprecipitation with monoclonal anti-IR α-subunit antibody [21] . We first examined whether the IR β-subunit was ubiquitinated in CHO cells stably overexpressing the IR (CHO-IR) after immunoprecipitation with the anti-IR β-subunit antibody. When c-Cbl and HA-tagged ubiquitin were transiently overexpressed in CHO-IR cells, a smearing band was detected in response to insulin by immunoblotting with anti-HA tag antibody after immunoprecipitation with anti-IR β-subunit antibody (Fig. 1A, left upper panel) . When APS, in addition to Cbl and ubiquitin, was transiently overexpressed, these proteins were expressed almost equally in these cells (Fig. 1A, left lower panel) . However, the insulindependent smear was more strongly detected in the presence of APS (Fig. 1A, left upper panel) . c-Cbl is tyrosine phosphorylated upon insulin stimulation by direct association of APS with c-Cbl [21, 24, 25] . cCbl functions as an ubiquitin protein ligase (E3) which mediates the ubiquitination of activated protein kinases. Although the endogenous Cbl protein family, of which there are three known members: c-Cbl, Cbl-b, and Cbl-c [45] [46] [47] , may be sufficient for the ubiquitination of the IR β-subunit, the overexpression of c-Cbl promoted the ubiquitination in CHO-IR-APS cells more strongly, when APS is stably overexpressed in CHO-IR cells (Fig. 1A, right panel) . After immunoblotting with anti-ubiquitin antibody (P4D1) as shown in Fig. 1B , this smearing band was also observed and the pattern was almost the same after immunoblotting with anti-HA tag antibody (Fig. 1A , right panel and Fig. 1B, left panel) . Moreover, this was also observed in Cos-7 IR cells when c-Cbl, HA-tagged ubiquitin and APS were transiently overexpressed (Fig. 1B, right panel). This band was not detected after immunoblotting with an anti-polyubiquitin antibody (FK2) (data not shown) [48] . These data suggest that APS enhances insulin-dependent multi-ubiquitination of the IR as well as mono-ubiquitination. Since the experiments without the pretreatment of MG132 resulted in the same data as described above (data not shown), subsequent experiments were performed without MG132. The data in Figs. 1A and B suggest that the IR is ubiquitinated after insulin stimulation mediated via APS and c-Cbl. However, the possibility remains that proteins which are co-immunoprecipitated with anti-IR antibodies undergo ubiquitination in response to insulin. To demonstrate that the IR β-subunit conjugates ubiquitin directly, His-tagged ubiquitin with c-Cbl was transiently overexpressed in CHO-IR-APS cells. We used cobalt-or nickel-chelate affinity chromatography to purify IR-His-tagged ubiquitin conjugates under stringent denaturing conditions ( Fig. 1C and D) . To avoid indirect binding of His-tagged ubiquitin to IR, the cobalt-or nickel-beads were extensively washed with a high concentration of urea (8 M) after the precipitation. The band of the IR β-subunit was clearly observed in an insulin-dependent manner when cotransfected with His-tagged ubiquitin and c-Cbl (Fig. 1C,  upper panel) . When nickel-conjugated agarose beads were used, the insulin-dependent band of the IR β-subunit was detected as a smeary pattern (Fig. 1D) . These results suggest that insulin induces multiubiquitination of the IR β-subunit directly as well as mono-ubiquitination, which is mediated via APS/c-Cbl.
We next examined the effect of the IR ubiquitination on its signaling characteristics. IR immunoprecipitation followed by phosphotyrosine immunoblotting demonstrated the insulin-stimulated tyrosine autophosphorylation of the IR β-subunit (Fig. 2A) . Ubiquitination of the IR did not affect the IR autophosphorylation ( Fig. 2A upper panel) . Akt and Erk1/2 protein kinases are well-known downstream molecules activated by insulin in phosphatidylinositol (PI) 3-kinase and src homology and collagen (Shc)-dependent pathways, respectively. In CHO-IR-APS cells transiently overexpressing both HA-ubiquitin and Cbl, the ubiquitination of the IR was strongly enhanced in response to insulin (Fig. 1A) . However, Akt and Erk1/2 phosphorylation induced by insulin was not affected by ubiquitination of the IR (Fig. 2B) .
The ubiquitination process that is directed by c-Cbl has been shown to be important for the degradation of ligand-activated growth factor receptors [3, 4, 9, 41, 49, 50] . To follow the fate of the surface insulin receptors, we estimated the biotinylated surface IRs in CHO-IR cells transiently expressing APS and c-Cbl in which the ubiquitination of IRs occurred in response to insulin (Fig. 1A) after up to 6-h of insulin treatment without the pretreatment of MG132. As shown in Fig 3A, the biotinylated surface IR levels were decreased gradually after 60 min of insulin treatment in both cells. Overexpression of APS and c-Cbl in CHO-IR cells did not change the biotinylated receptor level at each time point of insulin treatment, compared with control. Total IR expression levels in CHO-IR cells transiently expressing APS and c-Cbl were unchanged (Fig. 3A , right lower panels). These data suggest that ubiquitination of IR by insulin has no apparent effect on surface receptor down-regulation.
Ligand-induced ubiquitination of receptor tyrosine kinases has been linked to their internalization at the plasma membrane through the action of Cbl ubiquitin ligases [49] . To ascertain that APS/c-Cbl-mediated ubiquitination of the IR enhanced receptor internalization, we examined the insulin internalization in these cells (Fig. 3B) . The CHO-IR cells were incubated with [ 125 I] insulin at 4°C and were further incubated without insulin at 37°C. About 64% of the cell surface insulin underwent internalization by 60 min in the control CHO-IR cells (Fig. 3B) . In CHO-IR cells transiently expressing ubiquitin, APS and c-Cbl, the ubiquitination of IR strongly occurred in response to insulin (Fig.  1A) , and the internalization of insulin was significantly promoted, compared with that of mock control cells (Fig. 3B) . Therefore, these results suggest that APSmediated IR mono-/multi-ubiquitination induces enhancement of the IR internalization, but does not affect the IR degradation.
Discussion
Protein ubiquitination plays pleiotropic roles in cell physiology. Poly-ubiquitination of cytosolic proteins directs them for degradation by the 26 S proteasome. Reversible mono-ubiquitination regulates protein location, function, and interactions [1, 2, 50] . In the case of plasma membrane (PM) proteins, mono-ubiquitination of these proteins triggers their interaction with adaptor proteins that control their intracellular traffic, and tags them for internalization and subsequent sorting to late endosomes/lysosomes for degradation [50, 51] . In this study, we demonstrated that APS enhances insulindependent mono-/multi-ubiquitination of the IR β-subunit, and this enhancement is likely involved in the internalization of the IR (Figs. 1 and 3B ). Ligandstimulated ubiquitination of PM-associated receptor tyrosine kinases, such as EGF, PDGF and CSF-1 receptors, was observed to induce the degradation of these receptors [8, 9, 11] . It was reported that EGF and PDGF receptors are not poly-ubiquitinated but rather are multi-ubiquitinated after their ligand-induced activation [48] . FK2 monoclonal anti-ubiquitin antibody recognized polyubiquitin in a mixture of ubiquitin monomers and polymers, but not single ubiquitin moieties [48] . P4D1 monoclonal antibody against ubiquitin recognized monoubiquitin as efficiently as polyubiquitin (data not shown) [48] . The ubiquitination of the IR from cells treated with insulin was detected by P4D1 monoclonal anti-ubiquitin antibody, but not FK2 monoclonal anti-polyubiquitin antibody (Fig.1B and data not shown) . It is likely that IR is mainly multi-ubiquitinated in response to insulin that promotes the ligand-dependent internalization. APS forms a subfamily of SH2-B and Lnk. The APS/SH2-B/Lnk proteins add additional complexity to RTK and cytokine receptor signaling. Overexpression of SH2-B as well as APS enhanced insulin-stimulated ubiquitination of the IR by recruitment of c-Cbl to the IR, but that of Lnk did not (data not shown). Actually, the binding of c-Cbl with endogenous SH2-B in CHO cells may be sufficient for IR ubiquitination (Fig. 1A , left panel), even if APS was not overexpressed. Thus, despite significant structural similarities, the function of APS and SH2-B appear to be different from that of Lnk.
c-Cbl-associated protein (CAP) was identified as a c-Cbl binding protein that binds to the IR in the basal state [52] . CAP also binds to APS in the basal state and dissociates from APS following insulin stimulation [24, 27, 53] . We examined whether CAP would mediate ligand-dependent insulin receptor ubiquitination. CAP did not affect the APS-mediate ubiquitination of the IR (data not shown). Therefore, CAP does not seem to be involved in the mechanism of IR ubiquitination.
Insulin is a unique hormone that lowers blood glucose levels. The blood concentration of insulin changes in the postprandial state. EGF-or PDGF-induced ubiquitination and degradation of each receptor are mediated by c-Cbl [9, 36, 41] . If the IR is ubiquitinated by insulin and degraded after the meal, the number of IRs is decreased. To protect against the degradation, the role of ubiquitination of the IR may be different from that of other receptor tyrosine kinases, like EGF and PDGF receptors. In contrast with other tyrosine kinase receptors, the IR requires an accessory protein to interact with c-Cbl. Other receptors such as the EGF receptor and PDGF receptor can interact with c-Cbl directly and also bind to APS in a ligand-dependent manner. The IR binds to c-Cbl indirectly only in the presence of APS. The difference in binding style may mean a different physiological regulation. Actually, while APS and c-Cbl synergistically inhibited PDGF receptor signaling, they did not affect insulin receptor signaling (Fig. 2) [36, 41, 54] .
Considerable effort has been made to identify the structural determinants responsible for IR internalization. It has been suggested that the IR is localized to microvillus regions of the cell surface by both a dileucine motif present in the juxtamembrane region of the IR β-subunit and a downstream tyrosine-based motif. These motifs have been shown to be important for the internalization of the IR through a clathrin-mediated pathway [55] [56] [57] . Ral, a member of the small GTPbinding protein family, and its related proteins, RalBP1 and POB1, may regulate clathrin-mediated internalization of the IR [44] . Dynamin has an intrinsic 100-kDa GTPase activity that is required for the formation of clathrin-coated vesicles [58, 59] . This protein is thought to be important for clathrin-mediated internalization of the IR, because the expression of a dominantinterfering mutant (dynamin K44A) inhibited internalization of the IR [54] . Thus, these motifs or molecules are important for the regulation of clathrin-mediated internalization. However, in addition to clathrin-mediated internalization, the IR has also been reported to undergo internalization through a clathrin-independent pathway [60] . Recent studies suggest that ubiquitinated EGF receptor was internalized through a clathrin-independent pathway [61, 62] . APS-mediated ubiquitination of the IR appears to contribute additively with respect to IR internalization (Fig. 3B) . The internalization of the IR via ubiquitination may also be mediated through a clathrin-independent pathway.
IR ubiquitination in response to insulin did not affect IR autophosphorylation, or Akt and Erk1/2 activities (Fig. 2) . This indicates that ubiquitination of the IR is not related to insulin signaling, as far as we exam-ined. Ahmed and Pillay reported that APS enhanced IR autophosphorylation, as well as Erk and PI3-kinasedependent signaling [35] . The discrepancy is unclear at present.
APS-mediated ubiquitination and internalization of the IR provide new insights into the mechanism of insulin action.
